We determined the contributions of cone and melanopsin luminance signaling to human brightness perception. The absolute brightness of four narrowband primary lights presented in a full-field Ganzfeld was estimated in two conditions, either cone luminance-equated (186.7 − 1;867.0 cd · m −2 ) or melanopsin luminance-equated (31.6 − 316.3 melanopsin cd · m −2 ). We show that brightness estimations for each primary light follow an approximately linear increase with increasing cone or melanopsin luminance (in log units), but are not equivalent for primary lights equated with either cone or melanopsin luminance. Instead, brightness estimations result from a combined interaction between cone and melanopsin signaling. Analytical modeling with wavelength-dependent coefficients signifies that melanopsin luminance positively correlates with brightness magnitudes, and the cone luminance has two contribution components, one that is additive to melanopsin luminance and a second that is negative, implying an adaptation process. These results provide a new framework for evaluating the physiological basis of brightness perception and have direct practical applications for the development of energy-efficient light sources.
INTRODUCTION
Historically, the visual effectiveness of a light is routinely specified by its luminance (cd · m −2 ), which is quantified by integrating the light spectral energy distribution with a standard luminous efficiency function V λ, multiplied by a conversion factor [1, 2] . The physiological basis of the photopic luminosity efficiency function is sufficiently described by additive contributions of L and M cone inputs to the magnocellular visual pathway [3] . On the other hand, brightness is a perceptual attribute of self-luminous objects that appear dim or bright [4, 5] . With increasing luminance, brightness magnitude estimates for lights with the same spectra follow a power function [6] [7] [8] [9] that is approximately linear (versus log luminance) at high photopic levels. Yet, brightness perception is complex and depends on many aspects of the viewing conditions, and the physiological substrate is not well understood [2] .
More recently, it has become evident that melanopsinexpressing intrinsically photosensitive retinal ganglion cells (ipRGCs) with precise photon-counting capability for signaling total irradiance over long time periods [10] for entrainment of circadian rhythms [11] may have an important role in signaling brightness. In brightness discrimination experiments, humans can reliably judge a cone metamer with a higher melanopsin excitation to appear brighter than a comparison metamer with a lower melanopsin excitation [12, 13] . These discrimination experiments, however, did not estimate the relative contributions of both cone luminance and melanopsin signaling to brightness. Here, we used narrowband light emitting diodes (LEDs) under cone luminance-equated or melanopsin luminance-equated conditions to determine how cone and melanopsin signaling contribute to absolute human brightness estimation. It was hypothesized that if cones or melanopsin completely determine brightness, the magnitude estimate will be equivalent for the same cone or melanopsin luminanceequated condition, irrespective of the wavelengths of the lights. On the other hand, if both cones and melanopsin cells contribute to brightness, a combined model will be required to describe brightness magnitude estimation that depends on both cone and melanopsin luminance.
METHODS

A. Observers
The Human Research Ethics Committee at Queensland University of Technology (QUT) approved all experimental procedures (approval 1700000510). Informed consent was provided prior to the beginning of the experiments. Six experienced psychophysical observers (5 males and 1 female) were recruited with trichromatic color vision and no ophthalmic disease (μ 34.6 years 8.4 SD). Three observers were naïve to the purpose of the experiments.
B. Apparatus and Calibration Procedures
Four narrowband primary LEDs (blue, 460 nm; cyan, 502 nm; green, 519 nm; amber, 594 nm; half-bandwidth 10 nm) were presented in a 15.24 cm diameter Ganzfeld integrating sphere with >95% reflectance for visible wavelengths (Newport Corporation, Irvine, California, U.S.) to produce a diffuse illumination that was void of any spatial contrast [14] . Head position was stabilized with a chin rest. Observers viewed the lights with their right eye through a 3.81 cm aperture, and a baffle prevented the direct illumination into the eye by the lights. The LED outputs were controlled by an Arduino-based stimulation system with an LED driver (TLC5940) and microcontroller (Arduino Uno SMD R3, Model A000073) [15] with custom-engineered software driven by an Apple MacPro QuadCore Intel computer [16] .
The spectral irradiance (Watts · cm −2 · s −1 ) of the four primary LEDs were measured with a spectroradiometer (StellarNet, Tampa, Florida, U.S.) and the radiometric (W · ster · cm −2 ) and luminance outputs (cd · m −2 ) were calibrated throughout the entire operating range with an ILT1700 Research Radiometer (International Light Technologies, Inc., Peabody, Massachusetts, U.S.). To specify the cone luminance and melanopsin luminance of the primary lights, the products of the LED maximum spectral irradiances and the cone (S-, M -, and L-cone) [17] and melanopsin (λ max 482 nm at the retina) fundamentals [18, 19] over the visible range (400-700 nm) were normalized such that the sum of L-and M -cone excitations is equal to luminance, and the S-cone excitations and melanopsin excitations are equal to 1 cd · m −2 for an equal-energy-spectrum light at 1 cd · m −2 . We refer to the computed melanopsin excitation as melanopsin luminance hereafter. The excitation purity of the primary lights at maximum output calculated with reference to an equalenergy-spectrum light (1931 CIE x 0.333, y 0.333) [5] was 83.7% for blue, 72.7% for cyan, 76.9% for green, and 79.6% for amber.
C. Stimuli
We presented the LED lights under cone or melanopsin luminance-equated conditions with the four primary lights (blue, cyan, green, and amber). For the cone luminance-equated condition, the cone luminances were equal for all four primary lights but with different melanopsin luminances. The five cone luminance levels spanned 2.3-3.3 log cd · m −2 (1.2-4.7 log melanopsin cd · m −2 ) in 0.25 log unit steps (equivalent to 14.1-15.7 log quanta · cm −2 · s −1 ). For the melanopsin luminance-equated condition, the melanopsin luminances were equal for all primary lights but with different cone luminances. The five melanopsin luminance levels spanned 1.5-2.5 log melanopsin cd · m −2 (0.1 − 3.6 log cd · m −2 ) in 0.25 log unit steps (equivalent to 13.4-15.4 log quanta · cm −2 · s −1 ).
D. Brightness Estimation Procedure
All experiments were conducted in a darkened laboratory. The brightness of the 15 s duration steady LED lights was estimated using a method of absolute magnitude estimation without the presence of a reference stimulus [7, 20] . Participants were instructed to use any numerical value that seemed appropriate to describe the brightness of the light. The cone luminanceequated and melanopsin luminance-equated conditions were randomly ordered. The wavelength and melanopsin and cone luminances of the lights were randomly interleaved such that participants were unaware of the test conditions. The interstimulus interval period was dependent on the wavelength and irradiance and was sufficient to minimize adaptation and carryover effects of the previous light by ensuring that a broadband white light viewed monocularly with the right (test) and left (non-tested) eye was similar in appearance, and that there were no afterimages before subsequent measurements. Brightness estimates for each observer were repeated a minimum of 3 times per condition on different days and in different orders. Data were collected at similar times of the day to limit potential circadian variation in ipRGC function [21] . All measurements were conducted with natural pupils. To estimate the retinal illuminance for each condition, the consensual pupil diameter was measured simultaneously during brightness estimation using standard laboratory protocols [18] for each primary light. The measured pupil sizes were averaged across observers for each condition and then used to compute retinal illuminance (in Troland).
RESULTS
A. Cone Luminance-Equated Conditions
At each cone luminance level, the magnitudes of the brightness estimates for the four primary lights are not equal, but increase with increasing melanopsin luminance [ Fig. 1(a) and unfilled symbols in Fig. 3] . A simple linear model was used [brightness aM b, where M is the log melanopsin luminance; Fig. 1(a) ] that adequately describes the data at each cone luminance level. In this model, the slope (a) defines how the brightness magnitude increase relates to increasing melanopsin luminance [abscissa in Fig. 1(a) ] and the intercept (b) specifies the baseline brightness magnitude [ordinate in Fig. 1(a) ]. The fitted slopes and intercepts from each of the five cone luminance levels in Fig. 1(a) are shown in Fig. 1(b) : The fitted slope (Slope −0.2897 C 11.06, where C is the log cone luminance) is independent of cone luminance (p > 0.05) such that the rate of brightness magnitude increases with progressively higher melanopsin luminances independent of the cone luminance of the light; the fitted intercept (intercept 28.88 C − 66.93), however, increases linearly with log cone luminance level (p < 0.05), indicating that baseline brightness estimates depend on the cone luminance of the light.
B. Melanopsin Luminance-Equated Conditions
At each melanopsin luminance level, the brightness estimates apparently vary with cone luminance (Fig. 2 and filled symbols in Fig. 3) . A two-process function is evident, with brightness estimates plotted as a function of log cone luminance for each of the five melanopsin luminance levels (Fig. 2) , and so a bilinear model describes the data [brightness aC − C 0 b]. If cone luminance (C) is lower than a certain value C 0 (dashed vertical line in Fig. 2) , the brightness magnitude is invariant (parameter b). When the cone luminance is higher than C 0 C > C 0 , then the brightness magnitude is equal to [aC − C 0 b], where a is the slope and b is the intercept. We find a single best-fitting slope parameter is common to all five melanopsin luminance levels (a 25, Fig. 2 ). Baseline brightness (b) and critical cone luminance (C 0 ) increase monotonically with melanopsin luminance. Melanopsin levels therefore affect baseline brightness estimates as well as the critical cone luminance.
C. Analytical Model for Both the Cone Luminanceand Melanopsin Luminance-Equated Conditions
The brightness estimates are not equivalent for either cone luminance-equated [ Fig. 1(a) ] or melanopsin luminanceequated lights (Fig. 2) , indicating both cone and melanopsin signaling contribute to brightness perception. To determine the relative contributions of cone and melanopsin luminances to brightness estimation, we developed an analytical model to describe the combined data from both conditions for each primary light. In this model, brightness mM cC zM C, where M C represents the interaction effect between the cone and melanopsin signals. The fitted model parameters (Table 1) imply that melanopsin positively correlates with brightness as positive values of coefficient m. Cone luminance has two contributions, one negative (as the main effect represented by coefficient c) and the other positive (as the interaction term represented by coefficient z). The negative cone coefficients (except for the amber LED data, for which none of the fitted parameters was statistically significant) may imply an adaptation effect, whereas positive coefficients in the interaction term (except amber) imply some cone signals are combined with melanopsin signals. With these wavelengthdependent coefficients, brightness is equal to m zC M − c 0 C, where melanopsin and cone refer to the melanopsin or cone luminance of the primary light and m, c 0 , and z are the independent and positive parameters ( Table 1 ). The brightness magnitude estimates as a function of melanopsin luminance are well described by this model (solid lines in Fig. 3 ). To account for the change in pupil diameter with variation in luminance and wavelength, the data were replotted in terms of retinal illuminance [Troland, Td, Fig. 3(b) ]; overall, the pattern did not change.
DISCUSSION
Our results indicate that cone luminance alone or melanopsin luminance alone cannot account for human brightness estimations. Therefore, brightness perception depends on both cone luminance and melanopsin luminance. Our analytical model shows that for the cone luminance-equated condition, brightness estimate increases linearly with log melanopsin luminance, and the rate of increase does not depend on cone luminance level (Fig. 1) . For the melanopsin luminanceequated condition, on the other hand, there is a bilinear relationship between the brightness estimates and log cone luminance, with melanopsin luminance level affecting the baseline brightness estimation and the critical cone luminance that lead to brightness increases (Fig. 2) . When modeling both sets of data together (Fig. 3) , the contribution of cone luminance shows two components: one is additive to melanopsin contributions and the other is subtractive, suggesting an adaption effect. The fitted coefficients are wavelength-dependent ( Table 1 ), indicating that brightness perception may depend on other factors, such as hue perception and saturation of the lights.
It is known that brightness perception is complex and may involve multiple levels of neural mechanisms in the visual system. Melanopsin activation could contribute to visual processing via at least two mechanisms, one involving intraretinal signaling by providing feedback signals to dopamine amacrine cells that can alter cone signaling [22] . The second mechanism is through ipRGC projections to the lateral geniculate nucleus (LGN) [10] . As the intraretinal feedback from ipRGCs is likely to be inhibitory, as evidenced by a decrease in amplitude of the murine cone electroretinogram with stimulus lights of low compared to high melanopsin excitation [23] , we surmise that melanopsin's contribution to brightness is postretinal, that is, mediated via ipRGC projections to the LGN. Computational modeling based on natural scene statistics indicate that melanopsin provides strong inputs to the magnocellular pathway [24] , and so it is possible that the LGN could be the locus where cone luminance and melanopsin signals are combined. As luminance adaptation might involve both outer retina [25] and inner retinal gain controls [26] that are illumination-dependent, then our model would be reasonable if cone luminance combines with melanopsin signals after adaptation, and then jointly contribute to brightness perception. Physiological studies suggest that there are luxotonic neurons in the cortex that discharge continuously at a rate dependent on the illumination level in squirrels [27] and macaques [28, 29] ; it is yet to be determined whether melanopsin activation provides inputs to these luxotonic units for a role in brightness perception.
Perceived brightness requires the recognition and separation of the effects of luminance from the presence of differences in hue and saturation. For luminance-matched lights, the perceived brightness increases with increasing saturation [30] [31] [32] [33] [34] [35] . If so, we expect that the brightness estimates should be dependent on the excitation purity (i.e., blue > amber > green > cyan), but they are not. Moreover, green and amber lights with the same cone luminance and similar excitation purities (76.9% versus 79.6%) result in different brightness estimates, indicating another important factor contributes to brightness, which is likely to be melanopsin. More complex models using stimulus luminance, hue, and saturation have been proposed, but cannot fully predict perceived brightness [35] . An equivalent luminance model considers the brightness-luminance discrepancy [36] ; however, it does not account for the melanopsin excitation of a light. Here we derive a simpler model of photopic brightness using cone and melanopsin processes not previously considered.
During the brightness measurements, the participants observed an irregular small dark spot in the fovea during presentation of the shortest wavelength light, but this did not influence their magnitude estimations. This blue scotoma is likely due to the absence of S-cones in the fovea; Maxwell's spot is related to macular pigment optical density [37, 38] . Some studies advocate S-cone contributions to peripheral brightness perception [13, 39, 40] . We did not include S-cone contributions to our analysis, as melanopsin luminance and S-cone excitations are highly correlated (Pearson correlation r 0.84), and therefore including S-cone excitation would lead to collinearity in the model. Importantly, S-cone contributions to luminance are negligible, based on physiological studies of macaque retinae [41, 42] . The ratio of long-wavelength cones to middle-wavelength cones (L:M ratio) varies between individuals and perhaps with retinal eccentricity [43] [44] [45] , but was not evaluated in this study. Future work may consider S-cone contributions to brightness along with L-cone, M -cone, and melanopsin contributions using our models, and in heterochromatic brightness matching experiments with related and unrelated colors.
The effect of spatial contrast on melanopsin inputs to brightness perception is likely to be less relevant than for outer retinal signaling, because in humans and macaque retinae the ipRGC dendritic field diameters are approximately 5-35 times larger (depending on the retinal location) than those of the midget and parasol ganglion cells [10, 46, 47] . The low spatial resolution of ipRGCs is evident in mice, where ipRGCs interconnect to form a photoreceptive net across the retina [48] , and pattern resolution in melanopsin-only mice (rod and cone photoreceptor knockout) is limited to ∼0.16 cycles per degree [49] . Our study focused on narrowband lights in spectral regions where we could generate sufficiently high irradiances to stimulate melanopsin and produce multiple levels of melanopsin-and cone-equated stimulus luminances. Extensions to this research should include spectral lights in the shortest and longest wavelength regions of the visible spectrum, where melanopsin has low sensitivity. Brightness perception is also possible in spectral ranges outside those we tested, and at dimmer illuminations [7, 50] , and so it is likely that rods will be involved in brightness perception. Rod input to parasol ganglion cells becomes weaker at illuminances >20 Td [51] . For all the stimuli used in this study, the cone illuminance was ≥10.9 Td; therefore, we anticipate that any rod intrusion (if present) would decrease with increasing luminance, and the brightness magnitudes for the cyan and green lights that are near the peak spectral sensitivity of rods (507 nm) would deviate from linearity, which is not the case (Fig. 2) . Whether these outer retina photoreceptor inputs are extrinsic to ipRGCs or otherwise is still to be determined.
The photopic and scotopic luminous efficiency functions have definable physiological substrates [1] [2] [3] , whereas the neurobiological pathways for melanopsin-mediated vision are not as clear. As such, investigations of human melanopsin function typically specify light stimuli in terms of electromagnetic radiation (actinometric units). In addition to this specification, we adopt a normalization linking the actinometric stimulus to photometric (melanopsin) luminance; the melanopsin excitation is equal to 1 cd · m −2 for an equal-energy-spectrum light at 1 cd · m −2 . Another normalization such as alpha opic lux [52] would result in a scaling of the data. The advantage of melanopsin luminance is that it references melanopsin to a widely accepted and implemented industry standard. These results provide a new framework for evaluating the physiological basis of brightness perception and the apparent brightness of cone metamers.
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